Abstract. We have generated a 40-year-long, monthly stable isotope record from a Porites lutea coral collected offshore of Amedee, New Caledonia (22øS, 167øE) to investigate the relation between sampling resolution in coral isotope studies and retrieval of sea-surface environmental information. We interpret the high correlation between our oxygen isotope record and a twentyyear long sea-surface temperature record at the monthly timescale (r=-0.88) to indicate that our coral isotope record is an accurate monitor of environmental conditions offshore of Amedee. The character of the signal and the percent variance explained in the record at the annual band, at the quasi-biennial oscillation band ((QBO) 2.0-2.4 years), and at the E1 Nino-Southern Oscillation band ((ENSO) 3-8 years) changes little in response to a reduction in sampling density from monthly to bimonthly to quarterly. Similar results have been obtained in a reanalysis of a coral isotope record from Tarawa, Kiribati. Our results indicate that a significant amount of the information obtained from high-density sampling can also be retrieved from lower-density sampling. In particular, bimonthly sampling yields virtually no drop-off in variance explained, and quarterly sampling is satisfactory for resolving interannual and decadal-scale trends in time series. The proposed sampling approach may enable a more rapid filling in of numerous spatial holes in coral sampling sites needed for reconstruction of long-term decadal-scale variations in climate.
Multicentury coral climate records are limited in number and in spatial coverage at this time. Given these factors, one can argue that more coral climate records at lower temporal resolution would provide more useful information, from a climate perspective, than fewer records at higher resolution. The question then becomes, What is the temporal resolution needed to maximize the amount of climate information retrieved per unit of analysis? To address this question, we have conducted such a study using the oxygen and carbon isotope variations in a modern coral from New Caledonia. In addition to examining the record at New Caledonia, we examined a previously published coral isotope record from Tarawa, Kiribati (LDGO-39 [Cole and Fairbanks, 1990] ). Our evaluation of this data set is particularly relevant because variations in coral oxygen isotope values at Tarawa have been well documented to be driven by variations in the õ18Owatev in contrast to the SST(sea-surface temperature)-driven system we interpret to be operative at New Caledonia. 
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Coral Sampling
We drilled a-•3.45-m-long, 4.5-cm-diameter core nearly down the vertical axis of maximum growth of the Porites lutea coral head in July 1992 near the lighthouse on Panedee Island, New Caledonia. This sample was collected alive at -•3 m water depth, less than a few hundred meters from the location of the daily SST and SSS measurements. The coral was slabbed to a thickness of 5 mm. X-radiographs of the coral slab were taken under exposure conditions of 55 kV, 3 mA, with an exposure time of 20 s. X-radiographs revealed highly regular and welldeveloped annual density bands (Figure 3) We sampled the coral slab at a resolution of 1.03 mm/sample, which yielded 12 samples/dbc (i.e., we drilled and removed powder every 1.03 mm). Drill bit diameter was 1 mm and sample depth was 0.5 mm. The sampling device used in this study was a computer-aided triaxial sampler (CATS). In this device, the hand-held portion of a dentist's drill is clamped in a small vise which is bolted to the movable base of the sampler; the latter is inclined at-30' from horizontal and controls the in and out movement of the sample. The coral slab is held in place on a motorized stage that is oriented perpendicular to the base, and this stage controls the up and down movement of the sample. The stage that holds the coral slab is itself attached at 90' to a third motorized stage which controls the right to left movement of the sample. The starting and ending coordinates along with the depth and length of each drilled interval are input to the software program that runs the sampling device. Sampling of corals usually involves a sample length on the order of millimeters; however, the CATS device can be used to sample on the order of tens of microns. Used in the fashion described above, the CATS device generates a series of continuously routed samples along a straight pathway, although sampling along curved pathways is also possible (e.g., mollusc shells).
A study of the effect of sampling resolution on the fidelity of environmental reconstructions using the geochemistry of coral skeletons potentially could use several sampling strategies, including (1) the use of different sampling resolutions in parallel adjacent portions of the coral slab; (2) the use of a single sampling path and randomly averaging measured values along that path; and (3) the use of a single sampling path and sequentially averaging contiguous samples. We chose not to employ the first sampling scheme because this approach introduces intraskeletal variation as an additional source of variability, especially in light of the potential for temporal miscorrelations between adjacent sampling paths. Hence we chose to hold sample pathway constant and vary the number of samples along that pathway instead of choosing several parallel pathways and holding the number of samples per pathway constant. One example of the latter sampling strategy was performed by Dunbar et al. [1994] , who determined that the/5180 value of annual samples from a Galapagos coral closely approximated the mean value of each year's nearly monthly samples. A more extensive examination of this sampling strategy is underway. We chose not to employ the second sampling scheme (i.e., random sampling along a single pathway) because the coral skeletonogenesis proceeds in a sequential, not random, manner, and we did not want to compromise the temporal integrity of the study. In this study, we chose to use a single sample pathway and to vary the sampling density along that pathway by mathematically averaging contiguous samples taken at higher resolution to generate a low-resolution database. We recognize that the statistical resampling approach could produce different isotopic values than a physical resampling approach due to the effects of variations in skeletal density (e.g., high-density skeletal regions will be overemphasized relative to low-density skeletal regions).
Stable Isotope Analyses
We generated a 40-year-long stable isotope record to produce a sufficient number of annual and interannual cycles so that we could perform statistical and spectral analyses with the data. Stable isotopic analyses were performed at the We recognize that it is not completely accurate to refer to the sampling resolution as monthly, bimonthly, etc., because the increment of coral representing a year varies, and within that year of coral growth, the growth rate varies, making it 
Statistical Subsampling of Time Series
Since the main motivation of this study is to determine optimum sampling intervals for coral-based climate studies, a number of different approaches could be tried on this problem. For example, the core could have been physically resampled at various intervals: 2/year, 4/year, etc. However, this approach introduces analytical errors in addition to the errors associated with the subsampling problem, as was discussed previously. We believe it is first necessary to determine the reproducibility of records under the most optimum conditions, in which it is assumed that the point measurements are known and true. This approach enables determination of information loss in its purest form. It is necessary for any investigators planning to apply our method to recognize this distinction between the subsampling error and the analytical error in any time series. Our philosophy is that if we can demonstrate that the subsampling error is small, then the loss of information due to sampling considerations is not a major problem. For this reason, our study focuses on the amount of information loss due to subsampling problems alone.
The subsampling problem can be approached in at least two different ways, both of which mimic different physical sampling strategies. In the first case, the newly interpolated 12/year data set can be subsampled at set intervals to mimic a coarser spacing between drillholes due to "spot sampling." In the second case, the interpolated data set can be averaged; for example, an average of three adjacent samples yields estimates of quarterly resolution. This latter case would mimic samples retrieved by the "continuous routing" method. We created lowresolution time series from our high-resolution time series by both of these techniques (i.e., statistically spot sampling and continuously routed sampling).
We also calculated independent age models for each lower-resolution isotope time series by curve matching with similar lower-resolution environmental records (e.g., bimonthly coral isotope records were compared with bimonthly records of SST variation) to assure that the lower-resolution records did not depend on the higher-resolution samples for their chronology. bRecorded at the coastal city of Noumea. Statistical subsampling of a high-resolution time series indicates that the "spot sampling" approach yields results that overall are similar to the "continuous routing" approach. Amplitude reduction of the signal is larger in the "continuous routing" approach relative to the spot sampling approach, although the former can provide a more complete record than the latter if the spot samples are drilled in a noncontiguous fashion. Both techniques demonstrate that much of the isotopic signal captured at monthly resolution can also be retrieved with bimonthly, and in many cases quarterly, In practice, we should not be surprised that biomineralization processes are complicated; however, we should also be careful about letting such complexities stymie progress in coral-based climate studies. Clearly, careful studies of the.. impact of coral skeletonogenesis processes on the skeletal geochemistry are needed. One such study was conducted by Gagan et al. [ 1994] , who generated coral isotope records with near-weekly resolution from a Porites lutea fxom the GBR. In addition, these workers carefully removed the horizontal dissepiments of the coral, which periodically grow at the base of the tissue layer, in an effort to minimize the effect of subsurface calcification. These authors concluded that "signal distortion in Porites, due to calcification within the tissue layer and variable intraannual coral extension is generally negligible." They also concluded that the bulk of skeletal mass is deposited at the outer growth surface of Porites lutea. Hence, although theoretically possible, Lastly, it is important to recognize that if rainfall and SST were strongly positively correlated, then they would act in concert to produce variations in coral 8180 (e.g., warm SST and rainfall together would lower the coral 8180 value). However, at New Caledonia, there is only a modest correlation (r=0.33) between rainfall and SST and between rainfall and coral 8180 (r= -0.33; Table 1 ). Application of multivariate statistics (e.g., regression and factor analysis) also indicates that the vast majority of the variance in the oxygen isotope data is explained by SST variation, and only a small fraction can be attributed to SSS variation.
Our attempts to constrain the partitioning of the oxygen isotope signal into its 818Owater and temperature components is not unlike many of the efforts of previous coral workers. For example, Dunbar et al. [1994] , in a study of isotopic variation in Galapagos corals, stated that "normal salinity variations ... would account for only a small portion (<15%) of the total õ180 range" and still concluded that "õ180 in Urvina Bay corals is mainly controlled by variations in regional sea surface temperature" (p. 300). Moreover, we note that Table 1 Future studies may demonstrate that higher-resolution sampling may eventually prove useful in discriminating details of regional differences in isotopic response to environmental variations, especially in regions where the environmental sagnal of the annual cycle is more complicated than it is at New Caledonia and Tarawa. However, such efforts should be placed in perspective of where we now stand in our understanding of extracting climate information from coral records.
Given the vast amount of data that need to be collected for this problem, our results indicate that for nearly the same level of effort, more climate information can be obtained from lower-resolution sampling from multiple sites than from very highly detailed sampling of single sites. Although our approach needs to be tested over the calibration interval for other coral records, application of this method to other time series may potentially reduce by one third to one half the amount of laboratory time required to obtain a satisfactory spatial array of coral records for climate studies.
